The secreted broad-range phosphatidylcholine (PC)-preferring phospholipase C (PC-PLC) of Listeria monocytogenes plays a role in the bacterium's ability to escape from phagosomes and spread from cell to cell. Based on comparisons with two orthologs, Clostridium perfringens ␣-toxin and Bacillus cereus PLC (PLC Bc ), we generated PC-PLC mutants with altered enzymatic activities and substrate specificities and analyzed them for biological function in tissue culture and mouse models of infection. Two of the conserved active-site zinc-coordinating histidines were confirmed by single amino acid substitutions H69G and H118G, which resulted in proteins inactive in broth culture and unstable intracellularly. Substitutions D4E and H56Y remodeled the PC-PLC active site to more closely resemble the PLC Bc active site, while a gene replacement resulted in L. monocytogenes secreting PLC Bc . All of these mutants yielded similar amounts of active enzyme as wild-type PC-PLC both in broth culture and intracellularly. D4E increased activity on and specificity for PC, while H56Y and D4E H56Y showed higher activity on both PC and sphingomyelin, with reduced specificity for PC. As expected, PLC Bc expressed by L. monocytogenes was highly specific for PC. During early intracellular growth in human epithelial cells, the D4E mutant and the PLC Bc -expressing strain performed significantly better than the wild type, while the H56Y and D4E H56Y mutants showed a significant defect. In assays for cell-to-cell spread, the H56Y and D4E mutants had close to wild-type characteristics, while the spreading efficiency of PLC Bc was significantly lower. These studies emphasize the species-specific features of PC-PLC important for growth in mammalian cells.
Listeria monocytogenes, a gram-positive, facultative intracellular bacterial pathogen, is capable of infecting a variety of mammalian cells both in vivo and in vitro (8, 13, 23, 31, 46) . Following internalization, the bacteria escape from the phagosomal vacuole, proliferate rapidly in the cytosol, and exploit host actin-based motility to spread to adjacent cells by means of filopodium-like projections. At this stage of infection, the bacteria are transiently confined in double-membrane vacuoles, from which they escape to repeat the cycle (10, 42, 54, 55) .
L. monocytogenes secretes three virulence factors that interact with host cell membranes. Lysis of the host cell vacuole is mainly mediated by the thiol-activated pore-forming hemolysin listeriolysin O (LLO; encoded by hly) (2, 13, 40, 55) . Nonhemolytic mutants are incapable of intracellular growth in most cell types and are avirulent in the mouse model of infection (9, 13, 14, 29, 41, 46) . The two other secreted proteins are phospholipase C (PLC) enzymes: phosphatidylinositol (PI)-specific PLC (PI-PLC; encoded by plcA) is highly specific for PI (6, 18, 32, 38) and has weak activity on glycosyl-PI anchors (15) . Phosphatidylcholine (PC)-preferring PLC (PC-PLC; plcB) is active on a broad range of phospholipids (PC Ͼ phosphatidylethanolamine Ͼ phosphatidylserine Ͼ sphingomyelin [SM] Ͼ Ͼ PI), hydrolyzing SM approximately one-fourth as rapidly as PC (16, 17, 57) . Mutants lacking PI-PLC have been shown to escape less efficiently from the primary phagocytic vacuole (7), while PC-PLC-deficient mutants were seen to accumulate in the secondary double-membrane vacuoles (57) . Studies on single and double mutants revealed that the two phospholipases have overlapping roles in escape from primary and secondary vacuoles (50) . In Henle 407 human epithelial cells, PC-PLC is able to mediate escape from the primary vacuole in the absence of LLO (35) .
PC-PLC is zinc dependent and secreted as an inactive proenzyme. Activation requires cleavage of an amino-terminal propeptide by either a listerial metalloprotease (Mpl) or other proteases, presumably of host origin (12, 16, 36, 39, 44, 48, 49) . Zinc phospholipases homologous to the listerial PC-PLC have been identified in other gram-positive bacteria, including the extracellular pathogens Bacillus cereus (PLC Bc ) and Clostridium perfringens (␣-toxin) (56, 57) . C. perfringens ␣-toxin, a cytolysin, is active on both PC and SM, and a series of point mutations have defined active-site residues involved in zinc binding and catalysis (19, 43) . PLC Bc is nonhemolytic and, compared to PC-PLC, exhibits approximately 5-to 10-fold-higher activity on PC (17) . PLC Bc has generally been considered to have little or no sphingomyelinase (SMase) activity (34) . Indeed, B. cereus expresses a separate SMase, which is encoded immediately downstream of the plc gene. Recent studies with recombinant enzyme indicate that PLC Bc itself is capable of hydrolyzing SM at a rate 2% of that on PC (52) . Furthermore, PLC Bc , but not PC-PLC, is inhibited by halides, including chloride at physiological concentrations (1, 17) .
In amino acid alignments, PC-PLC shows 38.7 and 22.0% identity with PLC Bc and ␣-toxin, respectively (57) . The crystal structure of PLC Bc has been determined, and the nine zinccoordinating residues identified (W1, H14, D55, H69, H118, D122, H128, H142, and E146) are conserved among the three proteins (5, 21, 25) . Sequence alignments, however, suggest that some of the other active-site residues (PLC Bc residues S2, A3, E4, Y56, S64, F66, F70, Y79, I80, T133, A134, L135, and S143) differ between the species. In PC-PLC, residues E4, Y56, I80, L135, and S143 of PLC Bc are replaced by D4, H56, L80, I135, and C143, respectively.
Our goal in this study was to construct PC-PLC mutants with altered enzyme activities and substrate specificities and investigate the effects of these mutations on listerial intracellular growth and cell-to-cell spread. Furthermore, we examined if PLC Bc could complement PC-PLC in tissue culture and animal models of infection.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains and relevant genotypes are listed in Table 1 . The strains used and constructed in this study were based on two wild-type L. monocytogenes strains, 10403S (3) and SLCC 5764 (33) . Strain 10403S and isogenic mutants were used for all cell infection assays. Strain SLCC 5764 and isogenic mutants were used for detection of PC-PLC and mutants thereof in broth culture. All strains were grown in brain heart infusion broth (BHI; Difco) and maintained on BHI agar. Stock cultures were stored at Ϫ80°C. Derivatives of pKSV7 were maintained in Escherichia coli host strain DH5␣ (Life Technologies) or XL1-Blue (Stratagene) by growth in liquid or on solid Luria-Bertani (LB) medium in the presence of 100 g of ampicillin per ml. B. cereus ATCC 10987 was grown in BHI.
Construction of L. monocytogenes PC-PLC mutant strains. (i) PC-PLC amino acid substitutions. All PC-PLC amino acid substitution mutants were constructed by PCR sequence overlap extension (24) using Pwo proofreading thermostable DNA polymerase (Boehringer Mannheim) and overlapping, complementary oligonucleotide primers (Gibco BRL) listed in Table 2 . The template for all reactions was purified chromosomal L. monocytogenes 10403S DNA. The plcB mutational primers contained nucleotide changes leading to (i) the desired amino acid substitution and (ii) the creation of a translationally silent, proximal restriction endonuclease recognition site. Flanking primers were positioned at least 400 bp up-or downstream of the mutation. The resulting primary PCR products were spliced together in a secondary PCR. The final PCR products were cloned into the pKSV7 shuttle vector. Allelic exchange was performed as described earlier (7) . PCR products, pKSV7 clones, and listerial clones after allelic exchange were screened for the mutations by endonuclease digestion of PCR products with the respective enzymes listed in Table 2 . Correct sequences were confirmed by automated cycle sequencing of the exchanged alleles on both strands (ABI 377 and 373A Stretch sequencers, Taq FS dye terminator chemistry; DNA Sequencing Facility, University of Pennsylvania).
H69G and H118G were constructed using primer pairs 3172-3173 and 3174-3175, respectively. Flanking primers were 3168 and 3169. D4E was constructed by using primer pair 3530-3531 and flanking primers 3529 and 3169. H56Y was constructed by using primer pair 3170-3171 and flanking primers 3168 and 3169. The H56Y D4E double mutant was constructed by using primer pairs 3530-3531 and 3170-3171, with flanking primers 3529 and 3169.
(ii) PLC Bc -expressing L. monocytogenes. Chromosomal PLC Bc -expressing L. monocytogenes strains were constructed as described above. To avoid potential problems in secretion and activation, we fused the PC-PLC signal and propeptide coding sequence to that coding for the mature PLC Bc enzyme. Since the first three amino acids of the mature PC-PLC and PLC Bc are identical (WSA), we hypothesized that activation of the hybrid should be analogous to the wild-type PC-PLC. Chromosomal DNA of L. monocytogenes 10403S and B. cereus ATCC 10987 were used as templates. Primer pairs used were 3520-3521 and 3522-3523, with flanking primers 3519 and 3524. Mutation screening was performed as described above, using a plc-specific SphI site as evidence. The correct sequences were corroborated by DNA sequencing on both strands.
SDS-PAGE, Western immunoblotting, and egg yolk overlay. Secreted L. monocytogenes proteins were prepared from strain DP-L1553 and isogenic mutants as previously described (7, 36) . Briefly, secreted polypeptides were obtained from BHI culture supernatants by precipitation in 10% trichloroacetic acid and resuspended in 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer-0.2 N NaOH to 1% the original volume. Proteins were fractionated by electrophoresis on an SDS-10% polyacrylamide gel. For Coomassie blue staining, 25 l (corresponding to 2.5 ml of bacterial culture supernatant) of the preparation was loaded per well, whereas 10 l (equivalent of 1.0 ml of supernatant) was loaded for Western immunoblotting and egg yolk overlay assay.
For Western immunoblots, proteins were electrotransferred (Bio-Rad semidry transfer cell) to Immunoblot P membranes (Millipore) and reacted with anti-PC-PLC or anti-PLC Bc antibodies. Alkaline phosphatase-conjugated affinity-purified goat antibody to rabbit immunoglobulin G (Kirkegaard & Perry Laboratories) was used as the secondary antibody. Colorimetric detection was performed with a stabilized alkaline phosphatase substrate solution (Promega).
For the egg yolk overlay assay (30), the gel was washed immediately after electrophoresis once in 25% isopropanol and twice in phosphate-buffered saline (PBS; Ca 2ϩ and Mg 2ϩ free) for 30 min each time. The gel was then overlaid with egg yolk soft agar (0.7% agarose, 2.5% egg yolk, 50 M ZnCl 2 , 0.05 M CaCl 2 , 1 mM dithiothreitol, and 25 g of gentamicin per ml in 1ϫ PBS) and incubated at 37°C. PC-PLC activity was detected by the formation of zones of opacity.
In vitro enzyme assay. BHI culture supernatants obtained as described above were assayed for activity on PC and SM as previously described (17), with the following modifications. [Choline-methyl- 3 H]PC, 1,2-dipalmitoyl (0.125 Ci; NEN), and PC (144 g; Sigma) were sonicated in 50 l of morpholinepropanesulfonic acid buffer (pH 7.2)-1.84% Triton X-100 per assay. The mixed micelle suspension was diluted to 100 l by adding salts, water, and culture supernatants (final concentrations of 0.025% bovine serum albumin, 0.2 M NaCl, and 0.1 mM ZnSO 4 ). For SM assays, the mixed micelles contained 0.06 Ci of [cholinemethyl- 14 C]SM (NEN) and 147 g of SM (Sigma). Hydrolysis was measured as described previously (17) after a 5-min incubation at 37°C.
Tissue culture growth assays in Henle 407 and J774 cells. Growth in Henle 407 human epithelial cells was measured as described earlier (50) . Briefly, Henle 407 cells were seeded on glass coverslips and infected (t ϭ 0) with 2 ϫ 10 6 bacteria/ml, which resulted in infection of approximately 5% of the cells. At t ϭ 1 h, cells were washed with PBS, and at t ϭ 1.5 h, gentamicin was added at a final concentration of 50 g/ml. Cytochalasin D (Sigma) was added at a final concentration of 0.25 g/ml where indicated. At each subsequent time point (2.5, 5.5, 8.5, and, where indicated, 11.5 h postinfection), the number of viable bacteria was determined by lysing cells on individual coverslips in water and plating them on LB agar as described previously (46) . Intracellular growth in J774 cells was determined as previously described (27, 46) . Gentamicin (25 g/ml) was added 1 h after infection. For the growth curve without gentamicin, the J774 cells were washed with PBS at 2 h postinfection, and fresh medium prewarmed to 37°C was added. Viable bacteria at each time point were determined as described above.
Escape from the primary vacuole. The percentage of bacteria which had escaped into the host cell cytoplasm in Henle 407 cells 2 h after infection was determined by immunofluorescence microscopy as described previously (27) , with some modifications. Briefly, the total number of bacteria was obtained by permeabilizing the cells and labeling bacteria with fluorescein isothiocyanateconjugated polyclonal anti-L. monocytogenes antibody (Difco). The number of intracytoplasmic, and thereby F-actin-coated (10), bacteria was then inferred by colabeling with tetramethyl rhodamine isothiocyanate-phalloidin (Molecular Probes). Extracellular bacteria were detected by labeling with polyclonal antiListeria O antibody (Difco) and then with coumarin-conjugated donkey antirabbit immunoglobulin G (Molecular Probes) prior to cell permeabilization.
Plaque formation and virulence assay. The plaquing assay was performed as previously described (51) . Plaques formed in monolayers of mouse fibroblast L2 cells were visualized by staining the cells with neutral red at 4 days after infection. The mean plaque diameter formed by each strain was compared with the mean plaque diameter of strain 10403S. The relative plaque size is reported as a percentage of wild-type plaque size. Fifty percent lethal doses (LD 50 ) were determined in BALB/c mice by tail vein injection of bacteria as described previously (46) .
Affinity purification of antibody. Antiserum against recombinant B. cereus PLC Bc protein (gift from M. Roberts, Boston College, Boston, Mass.) (52) was raised in rabbits (Cocalico Biologicals). Specific PLC Bc and PC-PLC antibodies were affinity purified by using the respective rabbit polyclonal antisera and the purified proteins as previously described (36, 45) . Antibody preparations were titrated to determine the optimal required volume for immunoprecipitation of PLC Bc and PC-PLC from a lysate of 10 6 J774 cells infected with DP-L3525 or wild-type L. monocytogenes, respectively.
Immunoprecipitation of PC-PLC and PLC Bc from infected J774 cells. Immunoprecipitation of PC-PLC and PLC Bc from infected J774 cells was performed as previously described (4, 36) . Briefly, J774 cells were infected to achieve an initial infection of one to two bacteria per cell. Infected cells were washed after 30 min, and gentamicin was added to a final concentration of 50 g/ml at 1 h postinfection. Cells were starved for methionine 30 min prior to pulse-labeling. Cells were pulsed for 30 min with [ 35 S]methionine (Express 35 S protein labeling mix; NEN Research Laboratories) at 4 h postinfection and then lysed in radioimmunoprecipitation buffer. Where indicated, chloramphenicol (20 g/ml, final concentration) or anisomycin (30 g/ml) and cycloheximide (22.5 g/ml) were present during labeling. PC-PLC and PLC Bc were immunoprecipitated with the respective affinity-purified antibodies, fractionated by SDS-PAGE, and detected by fluorography. Bacterial counts were determined in parallel dishes.
RESULTS

Construction of L. monocytogenes PC-PLC mutant strains.
Three classes of L. monocytogenes PC-PLC mutant strains were constructed by PCR-mediated mutagenesis using the oligonucleotide primers listed in Table 2 : strains expressing PC-PLC with mutations in (i) two zinc-coordinating residues and (ii) two active-site residues involved in substrate binding (separate or combined), and (iii) L. monocytogenes secreting B. cereus PLC Bc instead of PC-PLC. The six mutant phospholipase constructs were introduced into the chromosomes of L. monocytogenes strains with four different genetic backgrounds: DP-L1553 (PI-PLC Ϫ SLCC 5764 hypersecreting isolate), 10403S (wild type), DP-L1552 (PI-PLC Ϫ 10403S) and DP-L2161 (LLO Ϫ 10403S) ( Table 1) . Zinc-coordinating residue mutations H69G and H118G. Amino acid alignments indicate that all zinc-coordinating residues identified in the active site of PLC Bc are conserved among the three phospholipases (57) . In studies with the C. perfringens ␣-toxin, substitutions of two of these residues, H68 and H126, by G resulted in an inactive enzyme and one with only 1% of the wild-type activity, respectively (43) . In another recent study, substitutions of H68 and H126 by S produced similar results (19) . All substitutions yielded stably produced and secreted ␣-toxin. To generate a PC-PLC with no or very low activity and study its effect on biological function, we separately changed the corresponding residues H69 and H118 to G. Both mutations led to stable secreted proteins in culture supernatants (Fig. 1a) , but no activity on either PC or SM could be detected by in vitro enzyme assays (58) or by egg yolk overlay (Fig. 1b) . In tissue culture models of infection, including LLOindependent growth of L. monocytogenes in Henle 407 human epithelial cells and plaquing in L2 mouse fibroblasts (35, 46) , H69G and H118G mutants paralleled an in-frame plcB deletion mutant (58) . However, immunoprecipitation of the mutant enzymes from infected J774 macrophage-like cells indicated that both H69G and H118G were unstable when expressed inside a mammalian cell (Fig. 2a) . It is likely that the elimination of zinc-coordinating residues leads to protein misfolding and increased susceptibility to proteolytic degradation. The phenotypes observed in tissue culture models of infection are therefore a combination of inactive and unstable proteins.
Active-site mutations D4E and H56Y. A comparison of the two sequences reveals that PLC Bc active-site residues E4, Y56, I80, L135, and S143 are substituted by D4, H56, L80, I135, and C143, respectively, in PC-PLC. We surmised that the distinct properties of PLC Bc and PC-PLC might at least in part be due to the differences in these active-site residues. To generate a PC-PLC enzyme with activities and substrate specificities more similar to those of PLC Bc , we changed D4 to E and H56 to Y, since among the variant residues, they are most proximal to the substrate in PLC Bc (11) .
Two single mutants and one double mutant were generated. All three mutants secrete equivalent amounts of mature protein when grown in BHI (Fig. 1a) . D4E shows a slight increase in activity on PC (113% compared to the wild-type PC-PLC) and a decrease in SMase activity (77%), leading to an increased specificity for PC, while H56Y shows increased activity on both PC and SM (177 and 269%, respectively), making the enzyme less specific for PC. The D4E H56Y double mutant has an intermediate phenotype (156 and 223%), with values closer to those for the H56Y mutant, suggesting that substitutions D4E and H56Y have additive but antagonistic effects (Table  3 ). In summary, H56Y significantly affects the overall activity, while D4E has a more subtle effect on specificity.
Escape from a primary vacuole was assessed by using an LLO Ϫ strain, as it is known that PC-PLC mediates LLOindependent escape of L. monocytogenes from a primary vacuole in human epithelial cells (35) Table 4 ]). All three mutant proteins were immunoprecipitated from infected J774 cells in amounts similar to those for wild-type PC-PLC (Fig. 2a) .
Gene replacement with B. cereus plc. An important issue to be addressed by this study was whether the PLC of an extracellular pathogen, B. cereus, could complement the listerial PC-PLC and how its significantly different activities would affect distinct steps in L. monocytogenes pathogenesis or overall virulence. Accordingly, we constructed L. monocytogenes strains expressing PLC Bc instead of PC-PLC. To avoid conceivable problems with secretion and proteolytic activation, we constructed a hybrid proenzyme, consisting of the listerial PC-PLC signal and propeptide fused to the B. cereus PLC Bc mature protein. Thus, the immediate region surrounding the proteolytic activation site should be similar to that in PC-PLC, since the first three amino acids (WSA) of mature PC-PLC and PLC Bc are identical.
In BHI supernatants, the hybrid proenzyme is secreted in amounts similar to those for wild-type PC-PLC, and activation seems to be equally efficient, as shown in Fig. 1a . Interestingly, the hybrid proenzyme (calculated molecular mass of 31.1 kDa) as well as the mature PLC Bc (28.4 kDa) migrate as expected, but their listerial counterparts (30.4 and 27.7 kDa, respectively) display abnormal electrophoretic mobility. The enzymatic activity of PLC Bc was compared to that of PC-PLC in two types of assays. In the egg yolk overlay assay, a larger zone of opacity was obtained with PLC Bc secreted by L. monocytogenes (Fig. 1b) . This result is corroborated by enzyme essays on culture supernatants, in which PLC Bc displays an 11-fold-higher efficiency in cleaving PC (Table 3) . SM, on the other hand, is a very poor substrate for PLC Bc secreted by L. monocytogenes. These data are consistent with measurements on purified native as well as recombinant PLC Bc (52) .
In tissue culture models of infection, PLC Bc mediates more efficient escape from the primary vacuole, as evidenced by the higher percentage of intracytosolic bacteria at 2 h postinfection and indirectly by the lower apparent doubling times between 2.5 and 5.5 h postinfection (Fig. 3b and Table 4 ). In Henle 407 cells, a defect in cell-to-cell spread was identified by a decreased growth rate between 5.5 and 11.5 h postinfection (Fig.  5) . As previously shown, for the PC-PLC deletion mutant (50), the intracellular growth rate of L. monocytogenes expressing PLC Bc was restored to wild-type growth rate by blocking cellto-cell spread with cytochalasin D, an inhibitor of actin polymerization. In the presence of cytochalasin D, bacteria multiply in the cytosol of host cells. The abrupt decline in viable bacterial counts of both strains after 8.5 h is attributed to host cell death and permeabilization to gentamicin. The cell-to-cell spread defect of L. monocytogenes expressing PLC Bc was also shown by the L2 plaquing assay, in which PLC Bc is clearly less effective than PC-PLC, with plaque sizes reduced by 15 to 30% (Table 4 and Fig. 4 ). Mouse virulence is also adversely affected, with an LD 50 approximately four times higher than that obtained with wild-type L. monocytogenes 10403S but lower than the LD 50 for a ⌬plcB strain (Table 4) .
Interestingly, L. monocytogenes secreting PLC Bc produces plaques with an altered, mottled phenotype, showing a central zone of complete lysis of the fibroblast monolayer surrounded by a zone of seemingly incomplete lysis (Fig. 4) . To exclude the possibility of cytotoxic properties of the normally extracellularly expressed B. cereus ortholog, we assayed growth in J774 macrophage cells in the presence or absence of gentamicin as described earlier (27) . If PLC Bc were toxic, it would presumably permeabilize the host cell, allowing extracellular gentamicin to gain access to the cytoplasm and act on the intracytosolic 81 Ϯ 29* (6) 29 Ϯ 6*** (9) 0.36 PLC Bc 570 Ϯ 133*** (6) 3 Ϯ 3*** (9) 0.004 a All assays were performed in DP-L1553 (hypersecreting L. monocytogenes SLCC 5764, PI-PLC Ϫ ) background (see also text). b L. monocytogenes culture supernatants were assayed for hydrolysis of isotope-labeled phospholipids in Triton X-100 mixed micelles (see Materials and Methods) at pH 7.2 and 37°C. Numbers of separate experiments are indicated in parentheses. Two-tailed P values of unpaired t tests are classified as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 compared to values obtained with wild-type PC-PLC.
bacteria. We detected no difference between the two curves (58) .
PLC Bc was immunoprecipitated from infected J774 cells. The active form was present in amounts similar to those for wild-type PC-PLC; however, a band with the size predicted for the proenzyme (approximately 31 kDa) was seen in much larger amounts than pro-PC-PLC (Fig. 2a) . To determine if this 31-kDa band represented a host cell protein comigrating with the proenzyme, cells infected with L. monocytogenes expressing PLC Bc were treated with chloramphenicol during labeling to block bacterial protein synthesis. This treatment eliminated both the 31-kDa band and mature PLC Bc . Inhibition of eukaryotic protein synthesis by addition of anisomycin and cycloheximide, on the other hand, had no effect, indicating that the 31-kDa band was of listerial origin. To check if the anti-PLC Bc antibodies cross-reacted with other L. monocytogenes proteins, the antibodies were used for immunoprecipitation from cells infected with wild-type L. monocytogenes. The results showed that no other L. monocytogenes protein precipitated with this antibody. Together, these data indicate that the precursor of PLC Bc is present in much larger amounts than pro-PC-PLC in infected J774 cells (Fig. 2b) .
DISCUSSION
Since the first demonstration of a bacterial toxin with enzymatic activity (C. perfringens ␣-toxin), phospholipases have been increasingly acknowledged as important determinants of bacterial pathogenesis. L. monocytogenes employs its PLCs, PI-PLC and PC-PLC, to gain and maintain an intracellular location, thereby evading the host's humoral immune response. In this study, we further assess the role of PC-PLC in listerial pathogenesis. We constructed mutants with altered levels of enzyme activities and substrate specificities. Wellcharacterized tissue culture models of infection allowed us to correlate the effects of these changes to the enzyme's ability to support several crucial steps in the L. monocytogenes intracellular life cycle, either steps immediately after primary cell infection (escape from the single-membrane phagosome) or later events involving the recurring escape from double-membrane vacuoles formed upon cell-to-cell spread. Our study shows that both the specific lecithinase and the SMase activities of PC-PLC are important determinants of listerial pathogenesis.
The first set of PC-PLC mutants, H69G and H118G, confirmed two of the conserved zinc-coordinating histidines. Inactivating the enzyme in vitro, as seen with the analogous C. perfringens ␣-toxin mutants (19, 43) , the partial loss of zinc coordination appears to have a detrimental effect intracellularly, where the presumably misfolded proteins are quickly targeted for degradation by lysosomal proteases and the proteasome (36) . The second set of mutants targeted two active-site residues, D4 and H56. These two positions are filled by E and Y, respectively, in PLC Bc . Earlier crystallographic data and molecular modeling indicated that while the overall structure of PLC Bc is very rigid (25) , the amino-terminal loop containing E4 undergoes structural change upon phosphate binding. Furthermore, the Y56 side chain is disordered in the native enzyme but ordered in the enzyme-substrate complex (20) . Recent studies on substrate binding and catalytic mechanism indicate that E4 and Y56 are in close contact with the choline head group (11, 53) . Previously, E4 had been implicated in directly initiating the catalytic mechanism by binding and activating the nucleophilic water molecule (5, 37) . In the most recent model, however, this role has been taken by D55, one of the conserved active-site residues (11). E4 and Y56 (and their PC-PLC counterparts D4 and H56) are therefore most likely involved in substrate binding, E4 helping to stabilize the positive charge on the choline moiety. We wished to determine if the PC-PLC D4E and H56Y single and double substitutions enhanced PLC characteristics, particularly higher activity on and specificity for PC, and whether these changes would also affect listerial pathogenic potential.
D4E has a subtle yet significant influence on enzyme activity. Modest changes in overall activity could be anticipated, given that D and E vary only in the lengths of their side chains. Yet this mutation increases the specificity for PC by a factor of 1.5, and LLO-deficient L. monocytogenes expressing PC-PLC D4E are 1.7 times more efficient in escaping from the primary vacuole of Henle 407 cells, suggesting a direct correlation of these phenomena. Cell-to-cell spread was not affected with this mutant. H56Y causes a more pronounced mutant phenotype, significantly increasing overall enzymatic activity on both PC and SM, yet in contrast to D4E shifting the SM/PC specificity toward SM. Given the structural information and current model of PLC Bc , it is intriguing to conclude that the residue adjacent to the apparently catalytically crucial D55 influences substrate turnover rates. The altered activities of these mutant enzymes need to be confirmed with the pure proteins. During intracellular infection, higher PC and SM hydrolysis rates appear not to benefit the bacterium. With both the H56Y mutant and the D4E H56Y double mutant, escape from the primary vacuole is impaired. Thus, as observed with D4E, specificity for PC seems to be directly linked to efficient escape from the primary vacuole. The single H56Y and double D4E H56Y mutants show small but significant decreases in cell-to-cell spread efficacy, again suggesting that enzyme specificity is more important than overall enzyme activity. In vitro results with D4E echo findings with PC-PLC processed by a presumed host protease, which also showed a shift toward increased PC specificity. This presumably resulted from altered processing site(s) at the N terminus (36) .
Last, in order to be able to compare PLC Bc -modeled activesite mutants of PC-PLC with wild-type PLC Bc not only in vitro but also in tissue culture models of infection, we set out to construct L. monocytogenes strains secreting PLC Bc . Similar gene replacements had been previously performed to elucidate the special features of LLO. Its C. perfringens ortholog, the extracellular cytolysin perfringolysin O, was able to mediate escape of L. monocytogenes from host cell vacuoles. Intracellularly expressed perfringolysin O however, had cytotoxic effects (27, 47) and could only functionally complement LLO when its pH optimum or half-life was altered by single-point mutations (28) . Since NIH 3T3 fibroblast cells had been successfully and stably transformed with the gene encoding PLC Bc (plc) (26) , and salts at physiological concentrations had been shown to inhibit PLC Bc (1), we expected that intracellularly expressed PLC Bc would have less drastic effects. Data obtained with PLC Bc secreted by L. monocytogenes were in agreement with published data on purified native and recombinant PLC Bc . In addition, amounts of both forms of PLC Bc are similar to those of pro-PC-PLC and PC-PLC in broth-grown bacteria. In infected cells, however, the inactive pro form of PLC Bc is present in unexpectedly high amounts compared to pro-PC-PLC. Cytosolic pro-PC-PLC is rapidly degraded (half-life of less than 15 min) via the proteasome (36) . The higher level of intracellular proPLC Bc is therefore most likely a consequence of the fusion protein's greater resistance to proteasomal deg-radation, although we cannot exclude upregulation of gene expression. Important for the interpretation of the L. monocytogenes PLC Bc tissue culture data, however, the mature forms of PC-PLC and PLC Bc were found in approximately equivalent amounts. These data agree with the current model of proteolytic activation occurring mainly in the limiting environment of the spreading vacuole (36) . Alternatively, Mpl or other proteases might be very inefficient in activating PLC Bc , or the active form of PLC Bc may be very short-lived in eukaryotic cells.
Interestingly, PLC Bc confers a phenotype congruent to D4E in early infection in human epithelial cells. In this particular cell type, proteolytically activated PC-PLC can mediate LLOindependent vacuolar escape at approximately 50% of the wild-type, i.e., LLO-dependent, efficiency (35) . Intriguingly, both the PLC Bc and D4E mutants are able to compensate for the LLO deficiency of the L. monocytogenes strains used in this particular assay, growing similarly to wild-type L. monocytogenes 10403S in human epithelial cells. As anticipated however, PLC Bc does not restore the plaquing ability of LLO-deficient strains in fibroblast cells (58) . In turn, L. monocytogenes strains expressing PLC Bc and LLO show a significant defect in cellto-cell spread and virulence, with plaque sizes and an LD 50 halfway between those for the wild-type and PC-PLC deletion mutants. Our experiments indicate that the mottled L2 fibroblast plaque phenotype is likely due to the spreading defect observed in Henle 407 epithelial cells, although it remains possible that it is the result of a transformed cell phenotype, as observed in NIH 3T3 fibroblasts expressing PLC Bc (26) .
In an earlier study, PI-PLC and PC-PLC were shown to be essential determinants of L. monocytogenes pathogenicity, cooperating with each other and LLO to promote the bacterium's access to the host cytoplasm during the initial invasion of host cells and upon subsequent cell-to-cell spread. The lack of both PI-PLC and PC-PLC led to a severe defect in virulence, suggesting additional roles during infection (50) . A recent study has shown that the enzymatic activities of the phospholipases directly affect host cell signal transduction pathways by causing IB␤ degradation and thus leading to persistent NF-B activation (22) . In this study, we evaluated the essential features of PC-PLC to further understand its role in the pathogenesis of L. monocytogenes infection. Our data indicate that activities on both PC and SM are essential for virulence. Lecithinase activity seems to be important in the initial escape from the phagolysosome, whereas SMase activity combined with lecithinase activity is more significant for efficient escape from the double-membrane secondary vacuole and cell-to-cell spread. Of interest in this regard is the recent finding that a combination of lecithinase and SMase activities promoted fusion of lipid vesicles consisting of an equimolar mixture of SM, PC, phosphatidylethanolamine, and cholesterol, whereas the addition of lecithinase or SMase alone resulted in no major changes in vesicle architecture (1a) . Thus, promotion of fusion of the double-membrane vacuole could be an important component of the escape process. The bacterium does not benefit from the generated shifts in PC-PLC activities and specificities, and an ortholog from an extracellular pathogen, B. cereus PLC Bc , cannot fully complement PC-PLC. This finding indicates that PC-PLC is part of a fine-tuned L. monocytogenes intracellular program, which ensures survival in the mammalian host.
